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The present study is aimed at investigating the hydraulic characteristics of ladle furnace slag (LFS), under the
pretence of using LFS as a cement substitute in certain applications. Furthermore, LFS has been considered as a
possible activator in a blend containing 50% LFS, and 50% ground granulated blast furnace slag (GGBFS). Phases
detected in LFS were quantified using Rietveld analysis. Calorimetric studies were performed at 20, 25 and 30 °C
in order to calculate the apparent activation energy of hydration and thereby to suggest a kinetic model for the
tested compositions within this temperature interval. In addition, compressive strength tests were performed on
mortar prisms made with LFS, and LFS/GGBFS which had hydrated for 2, 7 and 28 days. Both compositions
reached acceptable early strengths, (e.g. LFS, 33.1 MPa, and LFS/GGBFS, 17.9 MPa, after 2 days), but after 28 days
hydration the blend was superior to neat LFS. Related apparent activation energies were determined using an
Avrami-Erofeev model and gave E, =58 kJ/mol for neat LFS and E, =63 kJ/mol for the blend. The results imply
that LFS or a LFS/GGBFS blend can be favourably used as supplement in binder applications such as binder in by-
product metallurgical briquettes, which are used as recycle to the blast furnace or basic oxygen furnace depending
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on the specific briquette composition.
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1. Introduction

SSAB EMEA is a producer of high strength steels, and the main types
of metallurgical slags that are produced in parallel to the production of
steel are blast furnace slag (BFS), basic oxygen furnace slag (BOS) as well
as ladle furnace slag (LFS), from the secondary ladle metallurgy.
Different combinations of slag formers used in each of the aforemen-
tioned operation units are an important reason as to why the
mineralogical composition is considerably different in each case.
Ground granulated blast furnace slag (GGBFS) produced within SSAB
EMEA is very amorphous, i.e. 98% glass content, due to granulation with
water. GGBFS is latently hydraulic and requires activation, which is why
ordinary Portland cement (OPC) is added. LFS and BOS are crystalline in
character since these materials are slowly cooled at ambient temper-
ature in the slag yard. An important difference between LFS and BOS is
the high content of calcium aluminates, which are present in the LFS
type of slag. Typical minerals found in the BOS are dicalcium silicate,
dicalcium ferrite, manganese and magnesia analogues of wuestite as
well as free lime. The refining of steel from which the LFS originates
includes different process techniques depending on the steel grade. The
treatment is generally associated with parameters such as deoxidation,
removal of inclusions, addition of alloying elements, desulphurisation,
and temperature control of the steel bath, etc. For these reasons, the
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chemical composition of LFS may vary, but the mineralogical compo-
sition can remain relatively stable. The main oxides are CaO, Al,Os3, SiO,
and MgO, but the content of MnO can also reach significant levels
depending on the steel grade produced. The use of aluminium as a
deoxidation agent contributes to the formation of calcium aluminates
like mayenite (C;2A7), and tricalcium aluminate (C3A) in the solidified
slag. It is generally accepted that calcium aluminates are highly
hydraulic, and react very quickly with water, especially mayenite [1].
The hydration of different calcium aluminates in water results in the
formation of hydrates such as C;AHg, C4AH;3, CAH;, and C3AHg, [2],
which give strength to the material. Among these hydrates, only C3AHg
is thermodynamically stable [3]. Consequently, all the other hydrates
eventually convert to C3AHg as a final product and the conversion
process can adversely affect the final strength of the material.
Although some studies on the hydraulic potential of LFS have been
completed, they are comparatively limited. Recently, Setién et al. [4]
characterised ladle slag for use as a construction material. Mineralogical
analysis detected crystalline phases such as C;,A7, C3A, and polymorphs
of C,S, among others. It was further suggested that LFS can be recycled in
construction and civil engineering applications. It was also concluded,
however, that presence of free periclase and carbonation enables
volumetric changes which should be considered carefully before the
material is used in any application. LFS has also been assessed as raw
material for the production of sulphoaluminate belite cement (SAB) [5].
Different mixtures of slag as well as neat LFS were fired at 1200 °C, after
which the quenched SAB clinker was characterised, and the hydraulic
properties evaluated. It was concluded that steelmaking slags as well as
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neat LFS have good potential as raw material for slow hardening SAB
cement, [5,6]. LFS as a binder supplement in cold-bonded briquettes,
containing iron and steelmaking residues, suggests an opportunity for
internal cost and environmental savings at the steelworks. A partial
substitution of OPC, which is traditionally used as binder in briquettes,
with LFS would save costs on binder and is a more environmentally
sound alternative, since it reduces LFS tonnage sent to landfill.

2. Material and experimental procedure
2.1. Material

The experiments conducted in this study are based on samples of
slow-cooled LFS and super-cooled BFS originating from SSAB EMEA.
The GGBFS is an amorphous material consisting of about 98% glass
content due to the granulation. The chemical composition of the LFS
and typical GGBFS is presented in Table 1.

2.2. Experimental procedure

A slow-cooled LFS sample of approximately 19 kg was collected at the
slag yard for further processing. The material was initially crushed to
<5 mm using a Jaw crusher and thereafter separated into two fractions,
>0.5mm and <0.5mm. The >0.5 mm fraction was run through a
magnetic separator to remove metal droplets, roughly 6 wt.% of the total
coarse fraction. The non-magnetic fraction was recombined with the
<0.5mm size fraction, which was not run through the magnetic
separation. The grinding proceeded in two steps, of which the first was
carried out with a rod mill for 20 min + 20 min, followed by a second step
carried out in a ball mill for 20 min + 120 min. The aim was to determine
the level of dg of the material. The density and specific surface were
3.17 g/cm? and 3500 cm?/g, respectively. The grindability of the material
was determined to be 68 kWh/ton at a level of dgg~ 50 pm.

2.3. X-ray diffraction

Rietveld analysis was used for the quantification of phases in the
LFS. The examination was performed with a STOE 6/6-diffractometer
as well as CuKo radiation (N =1.5418 A), U=40 kV, | =40 mA, in the
angle region 26 =5-90°. The step size was set to A20=0.04°, and
time/step =6 s. Rietveld program SiroQuant®, Version 3.0 was used
for the quantitative phase analysis. The analyses were performed by
Rontgenlabor Dr. Ermrich, Germany, and the XRD pattern of the
unhydrated LFS is given in Fig. 1. In this figure, the main peaks of each
phase were noted. Hydrated samples of LFS from the calorimetric
study were examined on a Phillips X'pert Pro diffractometer with
CuKa radiation (N=1.5406 A), U=45kV, =40 mA, and an X'ce-
lerator detector. The scanning was performed in the angle region
26=5-70° at Cementa Research AB, Sweden. The calorimetric
analyses were completed after 24 h, after which acetone was added
to the samples prior to XRD analyses in order to stop the hydration.

2.4. Scanning electron microscopy

SEM-analysis of solid solution was performed with a Phillips XL 30
SEM equipped with energy dispersive spectra in the 20 keV range. The
mould prepared for SEM analysis was sputter-coated with a conductive
layer of gold.

Table 1
Chemical composition of LFS and GGBFS.

Element FeO CaO SiO, Mn,03; Al,03; MgO Na,0O K,O TiO, Total LOI

LFS 4.8 400 5.0 8.1 325 59 0 01 06 961 20
GGBFS 04 302 342 08 129 173 05 05 22 988 09

2.5. Calorimetry

Isothermal calorimetry was performed using a thermal activity
monitor (TAM) instrument and Admix ampoules. The instrument is an
eight-channel heat flow calorimeter for heat flow measurements in the
milliwatt range. The water for hydration of the sample was introduced
and mixed in-situ in order to obtain the complete hydration curve. The
(w/c)-ratio was set to 0.6 at 20, 25 and 30 °C, and the analyses were run
for 24 h. The result is based on duplicate samples, and the measurement
was performed by Cementa Research AB, Sweden.

2.6. Compressive strength

Mortar prisms with dimensions of 4 x 4 x 16 cm were hydrated for 2,
7 and 28 days before testing according to EN 196-1. The sand to binder
ratio was 3:1 and the w/b was 0.5. During the first 24 h, the mortars
were cured in a moisture chamber with 95% relative humidity at 20 °C.
Thereafter, the moulds were left to cure in water at 20 °C up to the time
for compression testing. Compressive strength tests were performed by
Cementa Research AB, Sweden.

3. Results and discussion
3.1. Rietveld analysis

The result of quantitative XRD, (Rietveld analysis) is given in Table 2.
The amount of crystalline phases was determined to be 65 wt.% of which
only 60 wt.% could be assigned, i.e. the crystalline amount was
normalised at 60 wt.%. The calculated error indicates an acceptable
precision of the determined crystalline phases determined as the
calculation at this stage is aimed at assessing only the approximate
distribution of phases. The error of the whole system, however, is
expected to increase as there also existed a significant amount of
amorphous phase which was calculated to approximately 35 wt.%. The
amorphous phase content was determined separately with a second
and third XRD-run using pure quartz as an internal standard. The
calculation of the amorphous phase was possible by knowing the
specific wt.% of the added standard to the sample in each XRD run. The
error of the determination was in the region of approximately 4 5%.

The composition contains several known hydraulic phases, of which
the aluminates refer to the abundant phases. Mayenite (~12 wt.%) is
typically present as a minor phase in calcium aluminate cements (CAC),
but appears frequently as a major constituent in Swedish ladle slags.
Tricalcium aluminate, an important component of the OPC system, was
present at ~9 wt.%. Other favourable minerals are: 3-CS (~6 wt.%),
which has been extensively studied in OPC; and the principal phase
detected in the gehlenite group [7], known as pleochroite or Q-phase 8],
often formed in high alumina cements with more than 1% of MgO [9].
The Q-phase may influence the hydraulic properties of LFS by initially
forming similar hydrates to those seen in high alumina cements at room
temperature, [10]. Wuestite (FeO) which is present at about 7% is
actually expected to form a solid solution with manganese and magnesia.
Normally, a shifting can be seen to the left or to the right depending on
whether manganese or magnesia is the dominating element in the FeO
structure, but there were no shifting that could be clearly discerned in
the XRD result. In Fig. 2, however, the EDS-mapping with SEM clearly
suggests that Fe, Mg and Mn form a solid solution. FeO and/or (Fe,Mg,
Mn)O are not expected to have any important influence on the hydration
properties, which is further commented on in Section 3.2. The interesting
aspect of (Fe,Mg,Mn)O0 is that the solid solution is weakly hydraulic and
will not contribute to a volume expansion like free MgO would.

3.2. Calorimetric analysis

The first six hours of hydration is represented in Fig. 3 as a function
of time for each composition at the respective temperatures. The
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Fig. 1. Qualitative phase determination of unhydrated LFS.

course of heat evolution is characterised by three stages in terms of an
initial, an induction and an acceleration period. The heat evolution
that followed after the acceleration period continuously levelled off.
From that point and until 24 h there was no additional increase in heat
liberation that could be observed.

The setting time of C;»A; occurs in a few minutes [11], and
cements that contain a substantial content of mayenite are reported to
primarily form C,AHg, even at low temperatures [3]. Recalling that
mayenite and tricalcium aluminate in total account for approximately
21 wt% of the crystalline phases according to Table 2, the first initial
intense peak, t<1 h, is primarily associated with the wetting of the
material and the dissolution of C;,A7, C3A as well as CMCZ. The other
phases that are present according to Table 2 are not expected to
influence the early hydration behaviour to any major extent like
mayenite and tricalcium aluminate. For instance, C,S which reacts
with water to form calcium silicate hydrates (C-S-H), is very well
known from investigations of OPC to react slowly. Midgley et al. [12],
has also found that p-C3S can react with alumina gel to form
stratlingite in the presence of about 10% Ca(OH),.

The hydration of wuestite (which may also be present in CAC), can
lead to the formation of Fe?" and Fe*>' hydroxide, and may become
incorporated in other hydrates [2]. Akermanite is reported to react
slowly [9], and is considered as a non-cementitious phase [13]. CoF is
reactive with water, and is reported to form amorphous Fe(OH)3 and
C4FH13 which converts to CsFHg within a day, and further Ca(OH), and
haematite, [14]. The calculated content of this phase in the current
study (~3 wt.%) suggests comparatively limited influence on the
hydration of LFS. Pleochroite glass is reported to be weakly hydraulic

Table 2

Rietveld analysis of LFS.
Mineral Chemical formula Abbreviation Quantity #PDF-

in wt.% reference

Pleochroite/Q-phase  CazpAl,sMgsSiz0es  Co0A13Ms3S3 20.6+2.0 35-133
Mayenite Ca;2Al14033 Ci2A7 11.6+1.8 1-77-5485
Tricalcium aluminate  CasAl;0¢ CA 89415 38-1429
Wouestite FeO f 6.6+0.8 6-615
Dicalcium silicate 3-Ca,Si0y -GS 59+1.1 33-302
Dolomite CaMg(CO0s3), CMG, 35406 36-426
Dicalcium ferrite CayFe,05 CyF 29+04 4-7-2756
Akermanite Ca,MgSi,0, C,MS, <1 1-76-7550

[2], but there are also studies considering the MgO analogue of
pleochroite, i.e. Q-phase, to be reactive [9],[10] as was mentioned
earlier in Section 3.1.

In the induction period, the heat flow reaches its minimum at the
time the main hydrate-growth starts, in parallel to decreasing
concentrations of calcium and alumina. The hydrate growth explains
the next increase in heat liberation. The acceleration period was clearly
temperature dependent for both neat LFS and the blend with GGBFS and
was dominated by reactions (1), [14] and (2), [2], which was confirmed
by XRD analysis performed after the completion of calorimetric
measurements.

2C,A + 27H—C,AH, + C,AHg (1)
CiaA, + STH—6C,AH; + AH, )

The phases determined in Fig. 4a and b are noted as dominating
phases due to significant overlap at the main peaks of the hydrates,
which makes the evaluation more difficult. XRD of hydrated LFS at 20 °C,
Fig. 4a, revealed formation of phases C;AHg (8.2° 26 and 16.4° 26), and
C4AH o (8.3° 26 and 16.7° 28), whereas the C,AH- 5 phase dominated at
25 °C with strong reflections at 8.4° 26, and 17.0° 26. The more
pronounced peak of C,AH,s at 25°C, may be explained by the
conversion of C;AHg to C,AH; s, which was discussed in a paper by
Pollman et al. [15]. The conversion of a-C;AHg to 3-C,AHg has also been
reported by Bensted, [2]. At 30 °C, the reflection of C,AH- 5 overlaps with
C4AH;, but is still more dominating than it was at 20 °C. There were also
small peaks identified as C;ASHg (7.1° 26 and 14.2° 26), which tends to
increase with temperature. The formation of C;ASHg is an indication that
Q-phase may have started to dissolve which would be in accordance
with a study from Kaprélik et al. [10]. The probable contribution of
pleochroite to the formation of stratlingite has been reported by Midgley
etal. as well [12]. The Q-phase in the present study does persist after 24 h
of hydration, but the reflections of the main peaks are reduced in
comparison to those of the unhydrated LFS sample. Recalling the study
by Midgley et al. [12], where they concluded that the formation of
stratlingite occurred via B-GS, Al,O3 gel and approximately 10% Ca
(OH),, it cannot be disregarded that the formation of stratlingite in this
study may also occur along the same lines due to the reaction of
dolomite. It is also possible that the amorphous phase contributes to the
formation of stratlingite. From the current results, we cannot discern any
dissolved quantity of either Q-phase, 3-C,S or the amorphous phase. It is,
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Fig. 2. SEM EDS-mapping of LES particle containing solid solution of (Fe,Mg,Mn)O.

however, maintained that the properties of C;,A; and CzA warrant more peaks of calcium aluminate hydrates shown in Fig. 4a. Finally, there were
attention in any given application in the early hours of hydration since also traces of CAH;q detected at 20 °C in Fig. 4a. Fig. 4b, represents XRD
only traces of these phases are remaining along with resultant strong results of the blend, which was much more straightforward with regard
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Fig. 3. Calorimetric analysis of LFS, and LFS/GGBFS at 20, 25 and 30 °C.

to the determination of hydrates. The two main hydrates detected were
C,AH- 5 and C,ASHg. The fore mentioned conversion of C,AHg to C,AH7 5
therefore seems to progress faster in a blend with GGBFS. It is also
important to note that the main reference peaks of C4AH;9 could not be
matched with any of the peaks achieved in the XRD pattern. Another
considerable difference between hydrated LFS and LFS/GGBFS are the
much more pronounced peaks of C;ASHg in the blend which also showed
significant temperature dependence. Strong peaks of C;ASHg at 25 and
30 °C implies that the silica network of the GGBFS has started to react
with hydrates of LFS.
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Fig. 4. a) XRD-patterns of hydrated ladle slag at 20, 25 and 30 °C, and (w/c) =0.6. The
phases determined are those considered as dominating in the sample. b) XRD-patterns of
hydrated ladle slag/GGBFS at 20, 25 and 30 °C, and (w/c) = 0.6. The phases determined are
those considered as dominating in the sample.

In the same figure, it can also be seen that an increase in C;ASHg
formation is accompanied with a decrease of the intensity of C,AH; s.
It therefore seems like the formation of C,ASHg may proceed via
C,AH7 5 and not necessarily CoAHg as was reported in a study where
calcium aluminate cement was mixed with GGBFS, [16]. There are also
studies completed on mixtures of mayenite and GGBFS, [17]. Also in
that case, the formation of C;ASHg was suggested to form via C;AHg
and that C,ASHg formation could occur only after a few weeks at
20 °C. In the current study, however, the formation of C,ASHg
appeared already after 24 h in both the neat LFS and in the blend
with GGBFS. The contribution to long-term strength through the
formation of C;ASHg has been discussed in similar studies [2], [18],
[19]. The initiated formation of C;ASHg is therefore very important
from the point of view that C,ASHg may restrict the otherwise
forthcoming conversion of C;AHg/C,AH; s and C4AH g to C3AHe.

3.3. Compressive strength tests

Mortar prisms of LFS exhibited good performance by measuring
33.1 MPa after 2 days and 34.9 MPa after 7 days, see Fig. 5. The strength
development agrees with the formation of C;AHg and C4AH;g, Which
were found after 24 h in samples analysed with calorimetry. From 7 days
up to 28 days hydration, the compressive strength dropped 13 MPa
down to 21.9 MPa, which suggests a conversion to the thermodynam-
ically stable C3AHg. The result also suggests that Q-phase at this stage of
the hydration has not started to form stratlingite, to any significant
extent (which is reported as a hydration product of Q-phase) since the
formation of C;ASHg would have prevented the decline in strength. The
argument also seems to hold true with regard to the amorphous phase
that accounts for about 35 wt.% of the material. The blend with GGBFS
reacted more slowly than neat LFS as could be expected. The strength
was determined to 17.9 MPa after 2 days, and 16.4 MPa after 7 days. The
strength after 28 days however, was superior to LFS by measuring
31.6 MPa. The increase in strength reflects the formation of C,ASHg

35
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15+
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0 - T
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7 days 28 days
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Fig. 5. Compressive strength development of mortar prisms.
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which is explained by an activation of the GGBFS that was apparent
already after 24 h at the same temperature (20 °C) according to Fig. 4b.

3.4. Kinetic model

The temperature dependence of the acceleration period has been
examined using the Netzsch Thermokinetic software package, [20],
which has also been used to propose a model that fits the experimental
data. The activation energy dependence during the acceleration period,
highlighted in Fig. 3, was calculated using Friedman analysis. The
advancement of hydrate precipitation has been expressed as fractional
degree of precipitation, o, which in turn is the ratio of heat liberated
during the defined time interval for the acceleration period.InEq. (1) for
«, Q represents the heat evolved at a given time within the acceleration
period and Q; and Qs are the initial and final values, respectively.

_q—Q
Q-

a

(M

Friedman analysis is a model free calculation that is based on the
Arrhenius equation in the form shown in Eq. (2). The software provides
values for the activation energy, E,, and the logarithm of the pre-
exponential factor, In A, without referring to any specific kinetic model
which makes it advantageous to use as a first step in the approach of
suggesting a specific kinetic model for a particular system.

In (%) =In (j%) - If_T (2)

The results of the calculation are graphically illustrated in Fig. 6a-b.
Both 100% LFS and the LFS/GGBFS blend exhibit a dependence of
activation energy on the degree of hydration indicating the possibility of
multiple controlling mechanisms over the duration. Therefore, the
minimum apparent activation energy occurring over the whole course
of the acceleration period can be considered to be most similar to the
actual activation energy of chemical interaction during hydration.
Friedman results for 100% LFS shows minimum activation energy of
52 kJ/mol at a~0.5 whilst the blend has a minimum of 60 kJ/mol at
a=0.35. These values are comparable with a recent study concerning
the hydration kinetics of CAC, [21], primarily phases CA and C;,A7, in

>
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Fig. 6. a) Friedman analysis of calorimetric data in the given time interval shown in
Fig. 2a. for LFS. b) Friedman analysis of calorimetric data in the given time interval
shown in Fig. 2b. for blend with GGBFS.

which an activation energy of 5545 kJ/mol was obtained at (w/c)-
ratios of 0.4, 0.5 and 1, and temperatures 5-20 °C.

The LFS/GGBFS blend follows a similar trend of activation energy
dependence over the course of early hydration to that of neat LFS. This
leads us to come to a similar conclusion reached by Fu et al,, [22] i.e.
that GGBFS acts mostly as inert filler, at least at temperatures between
20 and 30 °C during early hours of the hydration, although the
formation of C,ASHg was proven to initiate within 24 h. The fact that
the blend gives higher minimum activation energy than neat LFS can
allude to the greater temperature dependence of chemical interaction
in GGBES content similar to results from Barnett et al., [23].

The data obtained from Friedman analysis were used as a
complement in the determination of a rate equation that would be
able to predict the relationship between fractional precipitation and
time in each composition at constant temperature. The rate of diffusion
during the acceleratory period of precipitation is inherently connected
to the nucleation and further growth of crystals, which is why the
Avrami-Erofeev model (An) was chosen for kinetic modelling of
experimental data. The Avrami-Erofeev equation, Eq. (3), has been
widely used in studies describing nucleation and growth.

f(a) = m(1—a)[—In(1—a) ™ D/™ 5

Experimental data of hydrate formation is graphically represented in
Fig. 7a-b along with the comparison of the Avrami-Erofeev fit for the
same period of time as was assessed by Friedman analysis. The graphs
have a sigmoid shape and refer to the advancement of precipitated
hydrates during the defined acceleration period. The data obtained from
the Avrami-Erofeev model are in agreement with the experimental data
at all temperatures. The correlation coefficients for neat LFS and the
blend were determined to be 0.9996 and 0.9997, respectively. The
activation energies resulting from Avrami-Erofeev modelling were in
good agreement with the trends from earlier Friedman analysis, 58 kJ/
mol for the LFS and about 63 kJ/mol for the blend, i.e. also indicating
more temperature dependence for the blend. The dimension m was 2.24
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Fig. 7. a) Avrami-Erofeev fit to experimental data of LFS. b) Avrami-Erofeev fit to
experimental data of LFS/GGBFS.
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in case of neat LFS and 2.21 for the blend with GGBFS. The physical
meaning of m is described by Eq. (4), [14]:

m=(p/s+q) (4)

in which p refers to the morphology of hydrates, i.e. p=1, if needles,
and p =2, if plates or sheets, [24]. The constant s describes the type of
reaction mechanism that is occurring, i.e. s=1 if phase-boundary
controlled, and s=2, when the rate determining step is diffusion
controlled growth, [24]. Finally, g has limits at g =0, if the condition of
instantaneous nucleation is valid, whereas ¢ =1 when the nucleation
rate is considered to be constant, [25]. Knowing that the value of m in
this study should be correlated with the commonly accepted
hexagonal plates of C;AHg/C;AH;5, C4AH9 and C,ASHg formation
(according to XRD results Fig. 4), the constant p should be set to, p=2
(formation of plates/sheets). Based on the behaviour of the calori-
metric curves, it is reasonable to assume the occurrence of nucleation
saturation, where g = 0, with the argument that all nuclei are assumed
to be formed instantaneously, and that growth occurs at the same rate,
[25]. Under the given conditions of constants; m, p, and q the value of s
should be set to, s=1, meaning the reaction is phase-boundary
controlled, [14]. Therefore, the rate determining step is defined as the
diffusion through the boundary layer of the liquid-solid interface, [25].
An explanation for a dimension slightly >2 would be that there are
phases other than calcium aluminates reacting in the slag which may
affect the ongoing hydration e.g. Q-phase, p-C,S, and thereby the result
of the calculation.

4. Conclusions

 The positive influence of C;,A; and C3A on the formation of C;AHg,
C,AH; 5 and C,ASHg shown in this study implies that LFS and the
LFS/GGBFS blend may serve as a binder supplement in applications
such as cold-bonded briquettes by, at the least, making important
contributions to the short-term strength development (28 days) as
the long term strength has yet to be determined. Furthermore, a
blend containing GGBFS prevented the decline in strength experi-
enced in specimens of neat LFS after 28 days presumably due to
formation of C;ASHg, which according to XRD was initiated within
24 h. C,ASHg is reported as a hydration product of Q-phase, but due
to the decrease in strength of LFS after 28 days, it can be deduced
that the formation of C;ASHg through Q-phase progressed slowly as
there was evidence that un-reacted contents of this phase persist
after 24 h. For the same reason, it can also be stated that the short-
term reactivity of the amorphous phase seems to contribute
relatively limited to the strength development up to 28 days of
hydration in comparison to the effect of GGBFS.

The current results also show that the Avrami-Erofeev model may
be used to help describe the sensitivity to temperature of LFS and
LFS/GGBFS. The apparent activation energy of LFS was determined
to be 58 kJ/mol, and 63 k]/mol for the blend with GGBFS. The rate
determining step resulting from the model was phase-boundary
control at the liquid-solid interface.

From a binder application point of view, it is important to consider
the possibilities of increasing the content of calcium aluminates in
the slag during processing, and to decrease the content of phases
falling within the Ca0O-Al,03-MgO-SiO, assemblage, which crystal-
lises prior to calcium aluminates in a slowly cooled LFS, e.g. Q-phase.
The latter is possible by decreasing the levels of silica and magnesia
as much as possible, and to increase the use of alumina, during the
refining of steel. The fact that calcium aluminates react instanta-
neously with water also implies that it is important to reconsider
the method of slag handling, specifically in terms of avoiding any
exposure to weathering and/or watering of the LFS within practical
limitations. The need of reconsidering the slag handling in order to

obtain a better usefulness of LFS is the subject of a forthcoming
paper.
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